Introduction {#S0001}
============

Obstructive sleep apnea-hypopnea syndrome (OSAHS) is a sleep-related breathing disorder characterized by recurrent episodes of partial or complete obstruction of the upper airway during sleep. OSAHS often results in frequent insufficient ventilation or apnea, which ultimately leads to hypoxemia, hypercapnia, hemodynamic fluctuations and sleep breakdown.[@CIT0001] The prevalence of OSAHS is about 2--4% in middle-aged men[@CIT0002] and \>50% in adults over the age of 65.[@CIT0003] This disease severely affects the quality-of-life and safety of patients and causes memory loss, decreased work efficiency, daytime sleepiness and accident-proneness,[@CIT0004] and may be associated with hypertension,[@CIT0005] cardiovascular disease,[@CIT0006] diabetes,[@CIT0007] stroke[@CIT0008] and Alzheimer's disease.[@CIT0009] OSAHS patients also show neurocognitive deficits in attention, memory, learning ability, executive function, visual space function, and language skills,[@CIT0010]--[@CIT0012] but the neuroimaging mechanism of these neurocognitive impairments remains unclear.

Previous studies using magnetic resonance imaging (MRI) have confirmed significant gray matter differences in OSAHS patients; however, the results have varied significantly across studies.[@CIT0013]--[@CIT0015] Although most of these findings support the idea of gray matter atrophy in multiple regions of the brain occurs in OSAHS patients, especially in the marginal system,[@CIT0016]--[@CIT0018] some studies do not report any brain gray matter atrophy,[@CIT0019] and a few studies have even found gray matter hypertrophy.[@CIT0020] These conventional studies were able to determine changes in gray matter volume in multiple regions of the brain in OSAHS patients, however, these studies could not analyze the structural or functional relationship between such brain regions and interpret the changes at the whole-brain network level. In order to raise awareness of the complex network of the human brain, Sporns et al[@CIT0021] proposed the concept of the human connectome to meticulously describe the organizational patterns within the brain. The brain is a complex continuum of neurons that are interconnected with one other and is no longer treated as a large number of discrete anatomical units or assemblies of chemical substances. This change of view will provide a new perspective for further in-depth exploration of the neurological activities within the brain and the pathogenesis of various neuropsychiatric disorders.

Graph theory is currently the standard method used to identify and characterize human brain networks. The graph theory approach describes the human brain network as a graph consisting of a set of nodes (neurons, brain regions) and a set of edges (structural or functional connections). Previous studies have demonstrated that although the structural and functional brain networks of OSHAS patients conform to the small-world characteristics, the network topology attributes change abnormally in OSHAS patients compared to healthy subjects. Park et al.[@CIT0022] constructed brain functional networks in OSAHS patients for the first time using graph theory based on the resting-state functional MRI data. They observed that the global efficiency of OSHAS patients was significantly decreased and that the nodal properties were reduced in the whole brain. These results suggest that alterations in the network topology may be the cause of impaired responses in the autonomic nervous system, and cognitive and sensorimotor functions. Chen et al.[@CIT0023]--[@CIT0025] used graph theory to construct a resting-state functional network in OSAHS patients and found that the whole-brain functional network of OSAHS patients converged on to small-world characteristics, however, the small-world index, normalized clustering coefficient, and global efficiency decreased significantly, whereas the normalized shortest path increased. Luo et al.[@CIT0026] used graph theory to construct a structural covariance network in children with OSAHS based on gray matter volume. The authors found that the local efficiency was reduced; the degree was decreased in the left corner gyrus, and the betweenness was reduced in the right lingual gyrus and the inferior frontal gyrus. These studies reveal changes in the topological properties of the OSAHS functional network in adults and the structural covariance network in children, however, the changes in the structural covariance network in adults with moderate-to-severe OSAHS remain unclear.

To this end, we used graph theory to analyze the changes in the topological properties of structural covariance networks in OSAHS adults. We further explored the neuroimaging mechanism in OSAHS patients with cognitive impairment reveal new imaging evidence for the OSAHS-based cognitive impairment.

Patients and Methods {#S0002}
====================

Participants {#S0002-S2001}
------------

This study was approved by the Ethics Committee of the Affiliated Zhongshan Hospital of Dalian University, and all participants provided written informed consent prior to participation in this study. Participants were recruited from July 2017 to November 2018 from the Department of Otolaryngology, Affiliated Zhongshan Hospital of Dalian University and the local community. All subjects were examined by via their medical history, a neuropsychological scale, polysomnography, and a 3.0T MRI. Based on the sleep apnea-hypopnea index (AHI) scores diagnosed from polysomnography (PSG), the subjects were divided into two groups. The study group consisted of 31 untreated patients with moderate-to-severe OSAHS and the control group consisted of 26 good sleepers (GS group). The two groups were matched according to age, sex, and education level.

Study inclusion criteria were as follows for the OSAHS group: 1) suspected of having OSAHS and were not treated in the ENT department of Zhongshan Hospital affiliated of Dalian University; 2) between 25 and 60 years of age, right-handed, completed more than 9 years of schooling; 3) AHI≥15 times/h on overnight polysomnography (PSG).For the GS control group the inclusion criteria were: 1) hospital and social volunteers whose handedness, age and education level were matched with the OSAHS group; 2) AHI\<5 times/h on overnight PSG.

The study exclusion criteria were as follows: 1) respiratory diseases other than OSAHS; 2) severe hypertension, Alzheimer's disease, diabetes, and cardiovascular disease; 3) neurological diseases (epilepsy, schizophrenia and neurodegenerative diseases); 4) intracranial structural lesions (severe white matter lesions, cerebrovascular disease, brain atrophy, brain trauma, cerebral infarction, cerebral hemorrhage, and tumor); 5) a history of alcoholism, use of psychotropic substances within 1 week of study initiation; 6) metal implants, claustrophobia and other factors that would limit the acquisition of MRI data.

Polysomnography {#S0002-S2002}
---------------

The overnight polysomnography (PSG) examinations were performed in the sleep monitoring room in the Department of Otolaryngology, Affiliated Zhongshan Hospital of Dalian University. PSG was completed before the MRI examination. All subjects should have had at least 7 hours of sleep monitoring at night. It was required that they not take a nap on the day of monitoring, and not consume alcohol, caffeine, sedatives, hypnotics, etc. All subjects were diagnosed with OSAHS using the Alice 6 LDE diagnostic system (Philips Respironics, Murrysville, PA, USA) and other types of sleep-related diseases were excluded. The recorded items included standard EEG, electrocardiogram, sacral electromyography, electrooculogram, oral and nasal airflow, chest and abdominal movements, fingertip oxygen saturation, snoring, posture and leg movement. The sleep-related indicators calculated included the apnea-hypopnea index (AHI, events/h), apnea-hypopnea time as a percentage of total sleep time (TST in apnea-hypopnea, %), minimum oxygen saturation (minimal SaO~2~, %), the mean arterial oxygen saturation (mean SaO~2~,%), oxygen desaturation index (events/h), SaO~2~ less than 90% of time (TST with SpO~2~\<90%, min), micro-awakening index (events/h), sleep efficiency (%), total sleep time (TST, min), wake time (min), wake times, and awake index (events/h). These indexes were scored and interpreted by two senior sleep physicians according to the 2012 American Academy of Sleep Medicine (AASM) guidelines.

All subjects were assessed for the Self-Rating Anxiety Scale[@CIT0027] and the Self-Rating Depression Scale.[@CIT0028] We used the Epworth Sleepiness Scale[@CIT0029] to assess the subjects' excessive sleepiness during the daytime. In addition, we used the Montreal Cognitive Function Scale[@CIT0030] to detect screening assessment scales for cognitive impairment in eight cognitive domains: visual space/execution ability, naming, memory, attention, speech, abstraction, delayed recall, and orientation. The maximum MoCA score is 30, with a score less than or equal to 26 indicating the presence of mild cognitive impairment. These neuropsychological scales were measured by professional psychoanalysts in the psychological testing room.

MRI Data Acquisition {#S0002-S2003}
--------------------

MRI images were obtained using a Siemens 3.0T MRI scanner with a 12-channel head coil. A T2-FLAIR MRI sequence\[repetition time (TR): 8500ms, echo time (TE): 97ms, slice: 30 layers, slice thickness (ST): 4.0mm, voxel volume (voxel size, VS): 1.6 mm × 1.1 mm × 4.0 mm, matrix size (MS): 358 × 512, field of view (FOV): 280 mm × 280 mm, flip angle (FA): 150°, scanning time: 2min, 16s\] was used to identify and exclude patients with intracranial structural lesions (severe white matter lesions, cerebrovascular disease, brain atrophy, brain trauma, cerebral infarction and hemorrhage, tumor).A 3D-T1WI MPRAGE sequence \[TR: 1900ms, TE: 2.79ms, slice: 176, ST: 1mm, VS: 0.7mm × 0.7mm × 1.0mm, MS: 384 × 384, FOV: 259mm × 259mm, FA: 9°, scan time: 6min, 27s\] was also used to collect structural brain information for further analysis. All subjects were instructed to lie comfortably on the examination table in the supine position. Foam was then used to fix the head in place to reduce movement, and earplugs were provided to reduce the effects of noise.

Image Preprocessing {#S0002-S2004}
-------------------

First, two senior imaging diagnosticians examined the T2-FLAIR and T1WI images of each subject and marked those with poor image quality (false artifacts and incomplete images) and parenchymal lesions for exclusion. Then the T1WI images were preprocessed using the VBM8 toolbox ([<http://dbm.neuro.uni-jena.de/vbm>]{.ul}) in the SPM8 software package implemented in MATLAB 2013b (Mathworks, Natick, MA, USA). The specific steps were as follows: 1) Data format conversion: converting a DICOM format image into a NIFTI format image; 2) Segmentation: All T1WI images were segmented into gray matter (GM), white matter (WM) and cerebrospinal fluid; 3) Normalization: The GM image was registered to the Montreal Neurological Institute (MNI template) based on the DARTEL algorithm; 4) Modulation: The deviation generated in the process of standardization was corrected, which produced the final modulated GM image.

Construction of the Structural Covariance Network {#S0002-S2005}
-------------------------------------------------

According to Cao et al,[@CIT0031] each brain was divided into 90 cortical and subcortical regions of interest (ROI), excluding the cerebellum, using the automatic anatomical labeling (AAL) template. The average volume of each ROI was extracted from the GM map generated by VBM. A linear regression analysis was performed for each ROI to eliminate the effects of age, gender, and mean GM total volume. The residual (corrected GM volume) of this regression was used to construct a structural covariance network.[@CIT0032] Using the Pearson correlation coefficient between individual corrected GM volumes, the correlation matrix R = \[R~ij~\] (I = 1 ... N, j = 1 ... N, where N = 90) for each group was obtained. Then the diagonal elements and negative correlation of the correlation matrix were set to zero, and only the positive correlation values of the correlation matrix were retained. A specific threshold in the correlation matrix R was defined and the binary adjacency matrix A = \[A~ij~\] (A~ij~ = 1, if the absolute value of R~ij~ was greater than the threshold, otherwise, A~ij~ = 0) was obtained. The resulting adjacency matrix A represented a binary undirected graph G (N, E) where N is the number of nodes and E is the number of edges. The nodes represent the regions of the brain, while the edges represent undirected links between the brain regions, corresponding to non-zero elements in A.

Structural Covariance Network Analysis {#S0002-S2006}
--------------------------------------

The Graph Analysis Toolbox (GAT),[@CIT0033] based on graph theory, was used to calculate and compare the topological properties of the structural covariance network between the OSAHS and GS groups.

Selection of Network Density Range {#S0002-S2007}
----------------------------------

The absolute thresholding of the correlation matrix can result in a different number of nodes and edges in the two groups of networks and makes it very difficult for subsequent group comparisons. In order to solve this issue, a comparison between groups is set in the range of network density D, which is defined as the ratio of the existing number of edges to the maximum possible number of edges. The network density range used in this study was 0.22 ≤ D ≤ 0.5. The lower limit of this range indicates the minimum density of the two groups of networks without isolated nodes (D~min~ = 0.22), the upper limit represents the maximum density boundary (D~max~ = 0.5) after which the network will approach the characteristics of the random network.[@CIT0033]

Global Network Parameters {#S0002-S2008}
-------------------------

Global network parameters included the clustering coefficient (Cp), shortest path length (Lp), small-world index, transfer coefficient, global efficiency, and local efficiency. The Cp of a node is defined as the ratio of the existing number of edges between all nodes connected by a node to the maximum possible number of edges between them. The Cp of a network on the other hand is defined as the average value of the Cp of all nodes and reflects network isolation.[@CIT0034] The normalized clustering coefficient is defined as γ = Cp~real~/Cp~rand~ where Cp~real~ represents the Cp of the actual network and Cp~rand~ represents the Cp of a random network. The shortest path length (Lp) between two nodes is defined as the minimum number of sides separating them, and the Lp of the network is defined as the average shortest path length between all node pairs within the network and generally reflects network integration.[@CIT0035] The normalized shortest path length is defined as λ = Lp~real~/Lp~rand~, where Lp~real~ represents the Lp of the actual network and Lp~rand~ represents the Lp of a random network. The small world index σ is defined as the ratio of the normalized clustering coefficient γ to the normalized shortest path length λ (σ = γ/λ).[@CIT0036] The transfer coefficient (T) is the variability of the Cp calculated at the global level; it is not the value of each node, but rather ensures elasticity by weighing the nodes with low value disproportionately.[@CIT0037] Global efficiency (E~glob~) is the reciprocal of the average of the shortest path length between node pairs in the network.[@CIT0038] Similarly, local efficiency (E~loc~) of a node is defined as the global efficiency of the subgraph that consists of its nearest neighbors, and the E~loc~ of a network is defined as the average value of the E~loc~ of all nodes.[@CIT0038]

Regional Network Parameter {#S0002-S2009}
--------------------------

The nodal degree is defined as the number of connections between a node and the rest of the network and is considered to be a measure of interaction of the node within the network.[@CIT0034] The nodal betweenness is defined as the ratio of the shortest path to the total number of all shortest paths passing through a given node in the network.[@CIT0034]

Network Fault Tolerance and Anti-Aggression Analysis {#S0002-S2010}
----------------------------------------------------

Fault tolerance and anti-aggression refer to the resistance of human brain networks to random faults and targeted attacks. Here, "targeted attack" means specifically deleting nodes in order of decreasing nodal degree and, "random fault" means deleting the nodes randomly in human brain networks. In order to assess network fault tolerance and anti-aggression, this study used a model that randomly or specifically deleted nodes.[@CIT0035] In fault tolerance analysis, this study randomly measured the changes in the largest residual component of the network after deleting certain nodes. In order to obtain stable results, each analysis was repeated 1000 times. For the anti-aggression analysis, we measured the change in the largest residual component of the network after deleting nodes in the descending order of node degree.[@CIT0039],[@CIT0040]

Statistical Analysis {#S0002-S2011}
--------------------

Differences between the two groups were analyzed using the IBM SPSS statistics 20.0 software (IBM, Armonk, NY, USA). The demographic statistical parameters, neuropsychological scale scores and PSG parameters of the OSAHS group and GS group were all normally distributed. Therefore, an independent sample *t*-test was used to compare the differences between the two groups. A chi-square test was used to compare the gender of the two groups. The GAT built-in non-parametric permutation test was used to compare the network parameters of the two groups.[@CIT0033],[@CIT0041],[@CIT0042] In the non-parametric permutation approach, the study redistributed the group labels to generate a correlation matrix for the random groups. The correlation matrix was then thresholded at a series of network densities to obtain a binary correlation matrix. We calculated the network properties of all binary correlation matrices and evaluated the differences between random groups for each network density. The difference between the original groups and the random groups formed a permutation map. Then, the *p*-value was calculated at the position of the permutation map based on the true difference value. We further used GAT to calculate global and local network parameters and the AUC value of the global network parameters was evaluated. Multiple comparisons were corrected for using the false discovery rate (FDR) approach. A *p* \< 0.05 was considered statistically significant between the groups.

Results {#S0003}
=======

Demographic Data and Clinical Data {#S0003-S2001}
----------------------------------

[Table 1](#T0001){ref-type="table"} summarizes the clinical data of adult OSAHS patients and the GS group. We observed no significant differences for gender, age, education level, SAS score, sleep efficiency, total sleep time and awake index between the two groups (*p* \> 0.05). The BMI, SDS score, ESS score, MoCA score, AHI, TST in apnea-hypopnea, lowest SpO~2~, mean SpO~2~, oxygen depletion index, TST with SpO~2~ \< 90%, and arousal index showed significant differences between the two groups (*p* \< 0.05).Table 1Clinical Data of the OSAHS and GS GroupsCharacteristicsOSAHS\
(n = 31)GS\
(n = 26)T (X^2^)*P*Sex (male/female)28/320/61.0350.309Age (years)41.23±8.2239.50±7.920.8020.426BMI (kg/m^2^)27.89±3.2024.44±3.144.101\<0.001\*Education14.71±2.8315.42±2.69−0.9700.336SAS41.48±6.8439.04±5.541.4590.150SDS0.42±0.120.36±0.082.3880.021\*ESS10.9±6.857.31±4.332.4050.020\*MoCA26.00±2.0727.58±1.39−3.3120.002\*Visuospatial/executive4.58±0.764.27±0.871.4300.157Attention5.35±0.985.92±0.39−2.9500.005\*Language2.32±0.702.50±0.65−0.9840.329Abstraction1.84±0.452.00±0.00−1.9760.057Delayed memory2.94±1.393.88±1.31−2.6400.011\*Orientation5.97±0.186.00±0.00−0.9140.364AHI (events/h)44.87±25.522.24±1.349.286\<0.001\*TST in apnea-hypopnea (%)0.31±0.190.02±0.018.699\<0.001\*Minimal SpO~2~ (%)77.80±11.0591.73±2.97−6.732\<0.001\*Mean SpO~2~ (%)94.23±2.4796.50±1.24−4.491\<0.001\*Oxygen desaturation index (events/h)46.85±31.442.11±2.947.882\<0.001\*TST with SpO~2~\< 90% (min)42.25±65.040.20±0.543.6000.001\*Micro-arousal index (events/h)31.50±16.1922.07±14.882.2720.027\*Sleep efficiency (%)66.67±18.8364.89±15.950.3800.706TST (min)341.74±104.45326.96±88.20.5700.571Awakening index5.14±3.585.41±3.30−0.2970.768[^1][^2]

Comparison of Global Network Metrics {#S0003-S2002}
------------------------------------

In the network density of D = 0.22\~0.50, the normalized clustering coefficient γ was \>1, the normalized shortest path length λ was ≈1, and the small world index σ was \>1 in the OSAHS group and GS group, which indicates that the structural covariance network of the two groups conforms to the characteristics of "small world" ([Figure 1](#F0001){ref-type="fig"}).Figure 1The small world parameters of the structural covariance network of OSAHS group and GS group. In the network density range of 0.22 to 0.50, the normalized clustering coefficient (γ) (**B**) of the OSAHS and GS groups was significantly greater than 1, the standardized shortest path length (λ) (**C**) was approximately equal to 1, and the small world index (σ) (**A**) was significantly greater than 1. These values indicate that the structure of the covariant network of the OSAHS and GS group presents typical "small world" network attributes.

Compared with the GS group, the Cp, T, and E~loa~ of the OSAHS group were significantly increased, and the Lp was significantly increased in the narrow network density range of 0.22 to 0.24 (*p* \< 0.05) ([Figure 2](#F0002){ref-type="fig"}).Figure 2Inter-group differences in the global network metrics of the OSAHS and GS group in the 0.22 to 0.50 network density range. The 95% confidence interval and inter-group difference of the (**A**) clustering coefficient, (**B**) shortest path length, (**C**) small world index, (**D**) transfer coefficient, (**E**) global efficiency, and (**F**) local efficiency are shown. The red circles indicate differences between the OSAHS and GS groups; red circles outside the confidence interval indicate significant inter-group differences at the network density (*p*\<0.05). Positive values indicate OSAHS group\> GS group, negative values indicate OSAHS group \<GS group.

The AUC analysis showed that the AUC values of the Cp (*p* = 0.009), T (*p* = 0.029), and E~loal~ (*p* = 0.031) increased significantly, and that the AUC values of σ (*p* = 0.421), γ (*p* = 0.235), λ (*p* = 0.082), Lp (*p* = 0.083), and E~glob~ (*p* = 0.149) between the two groups showed no significant differences ([Figure 3](#F0003){ref-type="fig"}).Figure 3AUC analysis of global network metrics. (**A**) Bar graph showing the average σ, γ, λ, and T values of the OSAHS (red) and GS groups (blue). (**B**) Bar graph showing the average Cp, Lp, E~glob~ and E~loca~ values for the OSAHS (red) and GS groups (blue). \*Represents p\<0.05 between groups.

Comparison of Regional Network Metrics {#S0003-S2003}
--------------------------------------

We compared nodal degree and nodal betweenness at the minimum network density between the OSAHS and GS groups. The OSAHS patients showed a decreased nodal degree in the left angular gyrus, bilateral anterior cingulate cortex, left inferior parietal gyrus, left caudate, left pallidum and bilateral postcentral gyrus and an increased nodal degree in the left superior temporal gyrus (*p*\<0.05, uncorrected) compared to the GS group ([Figure 4A](#F0004){ref-type="fig"}). The OSAHS patients with OSA showed a decreased nodal betweenness in the left angular gyrus, right anterior cingulate cortex, left inferior parietal gyrus, left parahippocampal gyrus, and right rolandic operculum and an increased nodal betweenness in the middle frontal gyrus, right putamen, bilateral rectus and right middle temporal gyrus (*p*\<0.05, uncorrected) compared to the GS group ([Figure 4B](#F0004){ref-type="fig"}). Although there were no significant differences between the two groups in terms of nodal degree and nodal betweenness even after multiple comparison corrections (FDR, *p* \> 0.05), OSAHS patients showed both a downward trend in nodal betweenness and noda degree in the left inferior parietal gyrus, the left angular gyrus and the right anterior cingulate cortex compared with the GS group (*p* \< 0.05, uncorrected).Figure 4Differences between the OSAHS and GS groups in regional network metrics (uncorrected). Regions that showed significant differences between OSAHS and GS in nodal degree (**A**) and nodal betweenness centrality (**B**) for networks thresholded at the minimum density. The color bar indicates log(1/P). Warm colors denote regions with significantly higher nodal degree or betweenness in the OSAHS group compared with the GS group, while cool colors denote regions with significantly higher nodal degree or betweenness in the GS group compared to the OSAHS group.

Difference in Network Resistance Between the OSAHS and GS Group {#S0003-S2004}
---------------------------------------------------------------

Analysis of network fault tolerance and anti-aggression showed that the resistance of the structural covariance network in OSAHS patients to random fault was significantly lower than that of the GS group, however, the resistance of OSAHS group to targeted attack was significantly higher than that of the GS group within 80--90% of the deleted nodes ([Figure 5A](#F0005){ref-type="fig"}). The AUC analysis ([Figure 5B](#F0005){ref-type="fig"}) further confirmed that the difference between the two groups in random failure resistance was statistically significant (*p* = 0.044), while the difference between the two groups in targeted attack resistance was not statistically significant (*p* = 0.382).Figure 5(**A**) The maximum remaining component size in the network after random failures and targeted attacks. The red stars indicate that the difference in the remaining maximum component of the network, between groups at which the node is deleted, is statistically significant. (**B**) Bar graph showing the average network remaining maximum component (component random) for the fault tolerance analysis and the average network remaining maximum component size (component target) for the anti-aggression analysis of the OSAHS (red) and GS (blue) groups. \*Represents p\<0.05 between groups.

Discussion {#S0004}
==========

To the best of our knowledge, this is the first study to analyze the topological changes of the structural covariance network in adult OSAHS patients. In this study, we found that although structural covariance networks in adult OSAHS patients conform to the characteristics of a small-world network, the topological properties of structural covariance networks are abnormal, exhibiting a significant increase in Cp, T, and E~local~, and a significant increase in Lp in the local network density range and a high vulnerability to random faults compared with the GS group. In addition to the changes in global network parameters, regional network parameters were affected and manifested as both decreased and increased nodal betweenness/degree in OSAHS patients compared with the GS group. These results suggest that the topological properties of the structural covariance network in adult patients with moderate-to-severe OSAHS are reorganized, which provides new evidence for the neurobiological mechanism of cognitive impairment in adult patients with moderate-to-severe OSAHS from the perspective of the connectome.

OSAHS-Related Alterations in Global Network Parameters {#S0004-S2001}
------------------------------------------------------

In this study, we found that the structural covariance network of moderate-to-severe adult OSAHS patients conforms to small-world characteristics, which is consistent with previous results of the structural covariance network in children with OSAHS[@CIT0026] and OSAHS resting function networks.[@CIT0023]--[@CIT0025] The small-world network has the topological advantages of a higher clustering coefficient of regular network and a shorter shortest path length of random network. The small-world network integrates the topological advantages of a regular network and a random network to ensure efficient information transmission and processing at the local and global level. This helps to promote function differentiation, function integration, and information processing and at the same time maximizes efficiency and minimizes energy consumption as well as forms the basis of cognitive function processing.[@CIT0025] Our results suggest that small-world topological properties are the basic organizational components of structural brain networks.

Although small-world features exist in adult OSAHS structural covariance networks, there are significant intergroup differences in terms of multiple global network parameters. Compared with the GS group, the shortest path length in some network density ranges of OSAHS patients showed an increase and was consistent with previous studies investigating the OSAHS brain resting-state functional network.[@CIT0028]--[@CIT0030] The shortest path length of the brain network ensures the effective integrity or fast transmission of information to remote brain areas, which is considered the basis for the cognitive process.[@CIT0043] Therefore, an increase in the shortest path length may reflect impairment of the functional integration of neurons across distant brain areas related to the impairment of cognitive function (measured by MoCA).

The clustering coefficient, transfer coefficient, and local efficiency are the standards used for functional separation, which can measure the ability of specialized processing in the densely connected brain regions.[@CIT0034] Compared with the GS group, the OSAHS group exhibited a higher clustering coefficient, transfer coefficient, and local efficiency, which is equivalent to many closely, connected clusters and shows that the functional separation of the brain is increased and that it has a more specialized processing ability. Our findings of an increase in clustering coefficients are in contrast to the results of Chen et al.[@CIT0023]--[@CIT0025] who found that the clustering coefficients of brain functional networks in OSAHS patients were reduced, which may reflect a decrease in functional network separation in compensation after an increase functional separation in the corresponding structural covariance network.[@CIT0044] Likewise, the increase in local efficiency found in this study is in contrast to the findings of Luo et al who found that the local efficiency of the structural covariance network decreased in children with OSAHS.[@CIT0026] This may be due to the different effects of OSAHS on the brain structure and function in children and in adults. Since the small-world model reflects the best balance between the local level specialization and the ability of global level integration via information transmission and processing, the combination of the longer shortest path length and the higher clustering in the OSAHS structural covariance network indicates that the normal balance of the brain network is disturbed and that the network tends to the regular network. Previous studies have shown that, compared with small-world networks, regular networks have lower information transmission speed and synchronization.[@CIT0045] Therefore, the change in global topological properties associated with OSAHS may reflect a less ideal topological organization, which provides insight for understanding the relationship between network topological properties and the neuropathological state of the disease.

OSAHS-Related Alterations in Regional Network Parameters {#S0004-S2002}
--------------------------------------------------------

We found abnormal regional network parameters in multiple regions of the brain showing both decreased and increased nodal betweenness/degree in OSAHS patients compared with the GS group. Although these results were not statistically different after a correction for multiple comparisons, we should note that OSAHS patients showed both a decreased nodal betweenness and degree in the left inferior parietal gyrus, left angular gyrus and the right anterior cingulate cortex compared with the GS group, indicating that there is a downward trend in nodal betweenness and degree in these brain regions.

The inferior parietal lobule gyrus consists of the supramarginal gyrus and it is adjacent to angular gyrus. With its location at the junction between the occipital, temporal, and parietal lobes, the angular gyrus is an important interface that transmits and integrates information between different sensory modalities and processing subsystems. Abnormalities in this region have been associated with deficits in semantic processing, reading and comprehension, number processing, attention, spatial cognition, and memory retrieval.[@CIT0046] Our findings regarding the decreased nodal degree and betweenness in the left inferior parietal gyrus and left angular gyrus are consistent with the results of a previous study examining the structural covariance network in children with OSAHS[@CIT0026] which may further explain the low score of MoCA in OSAHS patients compared with the GS group. Additionally, since the angular gyrus is an integral part of the default mode network (DMN), our results support and confirm the concept of defects to the DMN in OSAHS proposed in previous studies.[@CIT0024],[@CIT0047]

As a part of the limbic system, the anterior cingulate cortex (ACC) is a key structure required for various activities such as autonomic nervous control, cognitive and emotional functions.[@CIT0048] The ACC has also been shown to participate in central cardiovascular and respiratory control.[@CIT0049] We observed decreased nodal degree and betweenness in the right ACC in OSAHS patients, which was supported by the results of a fMRI study by Chou et al.[@CIT0050] who found a decreased correlation in multiple ACC functional-connected areas in patients with OSAHS compared with normal subjects. Furthermore, previous structural MRI studies have demonstrated that reduced gray matter volume[@CIT0016],[@CIT0051] or cortex atrophy[@CIT0018] occurs in the anterior cingulate gyrus, which may result in decreased nodal degree and betweenness in the ACC in the corresponding structural covariance network. The decreased nodal degree and betweenness in the right ACC may elucidate the cognitive dysfunction (measured by MoCA) and depression (measured by SDS) in OSAHS patients.

OSAHS-Related Alterations in Network Resistance {#S0004-S2003}
-----------------------------------------------

Our results confirm the high vulnerability of random faults in the structural covariance network of OSAHS patients. Previous studies have shown that small-world networks with core nodes are highly resistant to random failures and targeted attacks.[@CIT0052],[@CIT0053] These results also showed that although the structural covariance network of OSAHS conforms to the characteristics of a small world, its resistance to random faults is reduced, which may be due to the regularization of global topology attributes associated with OSAHS. Some researchers argue that regular networks may be less resistant to pathological attacks;[@CIT0054] we observed that the fault tolerance of the structural covariance network of OSAHS tends to a more regular network, which provides further evidence for this viewpoint. From the perspective of the connectome, low network fault tolerance can also provide neuroimaging evidence for OSAHS patients at high risk of neural damage and cognitive impairment. Compared with the GS group, adult patients with moderate-to-severe OSAHS have significantly lower MoCA scores, minimal SpO~2~ and mean SpO~2~, higher ESS scores, TST in apnea-hypopnea, oxygen desaturation index, TST with SpO~2~\< 90% and the micro-arousal index. These results indicate that OSAHS patients are more susceptible to pathological attacks such as hypoxia, sleep disruption, anxiety, depression, and cognitive impairment, which may be related to the reduced fault tolerance of the structural covariance network of OSAHS patients.

Limitations {#S0005}
===========

Despite the positive results reported here, there are various limitations to this study. First, the sample size is small, and the results of the local network parameters are uncorrected. Hence, a future study using a large sample size is needed to confirm our results. Second, cross-sectional study design was adopted for the current work, which cannot explore the dynamic development of the structural covariance network in OSAHS patients. Longitudinal studies may help elucidate abnormal dynamic patterns of disease progression. Third, this study built the structural covariance network at the group level and without the individual level network, it is impossible to explore the relationship between the network parameters and clinical variables.

Conclusions {#S0006}
===========

To conclude, this study demonstrates that structural covariance networks in adult OSAHS patients are abnormal according to multiple network parameters. This result provides network-level insights into the neurobiological mechanism of cognitive impairment in adult OSAHS patients.
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[^1]: **Notes:** Data are presented as the mean ± SD. \*p\< 0.05 was considered statistically significant.

[^2]: **Abbreviations:** OSAHS, obstructive apnea-hypopnea syndrome; GSs, good sleepers; BMI, body mass index; SAS, Self-Rating Anxiety Scale; SDS, Self-Rating Depression Scale; ESS, Epworth Sleepiness Scale; MoCA, Montreal Cognitive Assessment; AHI, apnea-hypopnea index; TST, total sleep time.
